This paper proposes an electromechanical co-design method of a structurally integrated antenna to simultaneously meet mechanical and electrical requirements. The method consists of three stages. The first stage involves finishing an initial design of the microstrip antenna without a facesheet or honeycomb, according to some predefined performances. Subsequently, the facesheet and honeycomb of the structurally integrated antenna are designed using an electromechanical co-design optimization. Based on the results from the first and second stages, a fine full-wave electromagnetic model is developed and the coarse design results are further optimized to meet the electrical performance. The co-design method is applied to the design of a 2.5 GHz structurally integrated antenna, and then the designed antenna is fabricated. Experiments from the mechanical and electrical performances are conducted, and the results confirm the effectiveness of the co-design method. This method shows great promise for the multidisciplinary design of a structurally integrated antenna.
Introduction
Over the last decade, structural, material, and antenna designers have collaborated to integrate the microstrip antenna and microwave circuits into the load-bearing structural surfaces of air and ground vehicles (figure 1), in order to improve both structural efficiency and antenna performance [1] [2] [3] [4] . This multidisciplinary effort has developed a new highpayoff technique known as a structurally integrated antenna or conformal load-bearing antenna [2, [4] [5] [6] [7] [8] . The antenna is a kind of multifunctional composite structure, which is made up of the facesheet, honeycomb, microstrip antenna and so on, and it will play an increasingly important role in future wireless applications of air, water, and ground vehicles by reducing the weight, improving the structural efficiency, and enhancing the electromagnetic performance of antennas. In contrast to the traditional antenna, the structurally integrated antenna is required to simultaneously provide satisfactory mechanical and electrical performance, due to harsh environmental conditions. Therefore, the antenna design requires a concurrent consideration of structural and electrical performance, and it is necessary to develop an electromechanical co-design method that can accelerate the design process and obtain optimal performance.
Since the early 1990s, some researchers have studied the embedding of antennas in load-bearing structural surfaces of aircraft, and they demonstrated the fabrication and the structural and electromagnetic performance validation of the structurally integrated antenna when subjected to realistic aircraft flight load conditions [7] [8] [9] . The research indicates that one of the technical challenges is to satisfy often-conflicting structural and electrical requirements, and that the design of the structurally integrated antenna demands collaboration from different disciplines such as structures, electrics, and materials. However, no co-design method was provided to solve the technical challenge.
In recent years, researchers have made many efforts to develop the antenna, and they have proposed the use of antenna-integrated composite structures of sandwich construction, specifically the surface-antenna-structure [10] , the composite-smart-structure [11] [12] [13] [14] [15] [16] and three-dimensionally integrated microstrip antennas [17] [18] [19] [20] [21] . In these studies, they have designed and fabricated some structurally integrated antennas that can be implemented in the satellite communication of air and ground vehicles. These investigations show that the mechanical loads not only influence the mechanical performance, but also influence the electrical performance [16, 19, 20] . Their investigations also show that the off-resonant conditions make it possible to design a structurally integrated antenna with a perfect integration of high mechanical and electrical performance [4] . The open conditions have been applied to select the thickness of the facesheet and honeycomb to meet the electrical performance [11, 22, 23] . However, the thicknesses of the facesheet and honeycomb also influence the mechanical performance of the antenna structure and should be considered during the designing stage [24] . In order to simultaneously meet the mechanical and electrical requirements, You has proposed a hybrid electrical and mechanical optimization method to design an RF-integrated mechanical structure [25] . In this method, a full-wave electromagnetic simulator and a finite element solver were applied to evaluate the electrical performance and mechanical performance, respectively. Subsequently, the design of experiments and response surface method were utilized to develop the statistical model that was used in the optimization design. Unfortunately, the development of the statistical model requires an expensive and timeconsuming computation, and the accuracy of the statistical model influences the design results.
In this paper, a novel electromechanical co-design method is proposed to design a structurally integrated antenna. This investigation aims to develop an effective codesign formulation that simultaneously includes the mechanical and electrical requirements at the design stage. The design target is focused electrically toward high gain, and mechanically toward high strength and stiffness. Compared with the traditional design method, the co-design method can avoid the disadvantage of experience design. Moreover, the proposed method does not require one to build a statistical mode, which has been used in the reference [25] , and avoids the expensive and time-consuming computation needed to develop an unreliable statistical model. The co-design method consists of three stages. First, an initial stage is conducted to finish the design of the microstrip antenna without facesheet and honeycomb, according to some predefined performances. Subsequently, the facesheet and honeycomb of the structurally integrated antenna are determined by using an electromechanical co-design optimization. Based on the results from the first and second stages, a fine full-wave electromagnetic model is developed, and the coarse design results are further optimized to meet the electrical performance. Experiments from a structurally integrated antenna array witha 2.5 GHz frequency have been performed, and the results confirm the effectiveness of the proposed method.
Problem statement
A structurally integrated antenna is a multilayer sandwich structure into which microstrip antennas are embedded for radiating electromagnetic waves. Figure 2 shows a configuration of the antenna structure, which consists of the upper facesheets, honeycomb core, microstrip antenna array, and lower facesheets. The different layers are bonded by the epoxy adhesive to form the final antenna. The facesheets can carry bending loads and provide impact and environmental resistances. Meanwhile, the facesheets should not influence the antenna performance. The honeycomb cores transmit shear between the facesheets and provide the air gap required by the microstrip antenna. The facesheet thickness, d 3 and d 4 , the honeycomb cores thickness, d 2 , and the dimensions, t c and l c , of the honeycomb cell not only contribute to the overall structural rigidity, but also influence the antenna's electrical performance [26] . Therefore, the design of the structurally integrated antenna involves a balance between the structural performance and electrical performance, and the key is to select a proper dimension,
T , of the antenna structure for simultaneously meeting the mechanical and electrical requirements.
Electromechanical co-design method
In this section, an electromechanical co-design method is proposed to achieve an optimal design for the structurally integrated antenna. First, an electromechanical co-design procedure is presented. Subsequently, we will give the optimization formulation of the co-design method.
3.1. Electromechanical co-design procedure Figure 3 shows the flowchart of the proposed electromechanical co-design method. From figure 3 , we can see that this co-design method consists of three stages. In the first stage we specify the substrate materials, antenna unit, and the layout of the microstrip antenna array, and finish an initial design of microstrip antenna without the facesheet and honeycomb, according to some predefined performances. The thickness, d 1 , of the antenna substrate is determined by the substrate material, which should provide a desired structural strength and rigidity without impacting the antenna's electrical performance. The total length and width of the structurally integrated antenna is determined by the prespecified space installed in an air or ground vehicle. In the second stage, the microstrip antenna array with the facesheet and honeycomb is determined by using an electromechanical codesign optimization, which can simultaneously meet the mechanical and electrical requirements, and then the coarse dimensions of the facesheet and honeycomb are obtained by solving the co-design optimization. In the third stage, the coarse dimensions are applied to develop a fine electromagnetic model by using HFSS, and the coarse dimensions are further optimized to meet the electrical performance such as gain, bandwidth, and voltage standing wave ration (VSWR). Moreover, the structural performance of the current design is validated by using a mechanical model. In the figure 3, we can see that the thickness, d 1 , of the antenna substrate has been determined in the first stage, and that the remaining parameter,
T , will be obtained in the second stage. The parameters not only contribute to the overall structural performance, but also influence the antenna's electrical performance. Therefore, an electromechanical co-design formulation is proposed to simultaneously meet the mechanical and electrical requirements of the structurally integrated antenna.
Electromechanical co-design formulation
In the co-design stage, the aim is to obtain optimal facesheet and honeycomb core dimensions,
T , which influence the mechanical and electrical performance. The mechanical performance consists of the structural weight, stiffness, and strength, which can be calculated by the mechanical model of the antenna structure. The electrical performance includes the radiation pattern and VSWR, which can be obtained from a fine electromagnetic model. Because the electromagnetic optimization is time-consuming, an electromechanical co-design formulation is proposed to accelerate the design process by using the open condition from the literature [11, 22, 23 ]. An open condition that defines the position and thickness of outer facesheet is exploited in order to allow an antenna into the sandwich structure without the loss of antenna performance [11, 22, 23] . The open condition is the maximum gain condition with a given facesheet and honeycomb core. As far as the structurally integrated antenna is concerned, the schematic diagram of open conditions is shown in figure 4 , where the open condition is satisfied when the reflection coefficient is equal to one.
The reflection coefficient, S t , is the sum of partial reflections resulting from three parallel boundaries. The amplitude of the electromagnetic wave reaching the radiating patch depends on the reflection coefficient, S t , at the dielectric cover [11, 22] . The reflection coefficient, S t , depends on the thickness, position, and properties of the facesheet and honeycomb, and it is expressed as follows: 
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where S 01 denotes the partial reflection coefficient from free space to facesheet. k 1 is the wave number in the facesheet, and π υ = k f 2 0 0 is the wave number in free space (honeycomb core). ε r and μ r denote the relative permittivity and relative permeability of the facesheet, respectively. f is the working frequency of the antenna, and υ 0 denotes the propagation velocity in free space.
The reflection coefficient, = S 1 t , is named as the open condition, since it is like an open-circuited line in transmission line theory [11, 22, 23] . In the open condition, the maximum possible magnitude of the electromagnetic wave can be concentrated to the antenna, and the maximum gain can be achieved. In practice, the open condition can be applied to choose coarse dimensions of the facesheet and honeycomb. Although the coarse dimensions satisfy equation (1), the mechanical performance, such as the structural stiffness and strength, cannot meet the design requirements.
In order to simultaneously meet the mechanical and electrical requirements, an electromechanical co-design optimization is proposed by using the open conditions and mechanical performance of the antenna. The goal of the optimization is to meet the open condition, and the constraints are to satisfy the structural performance, such as the structural weight, maximum deformation displacement, and maximum structural stress. The co-design optimization model is formulated as: , are determined by using the following mechanical model of the antenna structure:
where K x ( ) is the stiffness matrix, which is a function of the design variable, x. F is the vector of the load. δ is the displacement vector of the node deformation.
In this paper, the maximum deformation displacement, δ
, and maximum structural stress, σ x ( ) max , are used to evaluate the mechanical stiffness and strength before the antenna structure is destroyed. The maximum displacement,
, is defined as the deflection at the central point [25] , when a predefined load is applied to the antenna structure as shown in figure 5 .
The mechanical model (5) of the antenna structure can be evaluated by using a finite element method solver, ANSYS. In order to build the mechanical model in ANSYS, the hexagonal honeycomb core in figure 2 should be equivalent to an orthotropic plate of the same size, and the equivalent elastic parameters of the honeycomb core are obtained to provide the indispensable input parameters of the mechanical model of the structurally integrated antenna. The equivalent elastic parameters of the honeycomb are calculated in the following formula. where E x , E y , and E z represent the equivalent elastic modulus in x, y, and z directions, respectively. G xy , G xz , and G yz represent the equivalent shear modulus in x-y, x-z, and y-z plane. E s and G s denote the elastic modulus and shear modulus, respectively, and they are determined by the material of the honeycomb core. The variables t c and l c shown in figure 2 denote the wall thickness and length of the honeycomb core, respectively. The constant, = ∼ r 0.6 1, depends on the manufacturing process of the honeycomb core.
After the optimization (4) is solved, the coarse structural
T , are obtained. Subsequently, the coarse dimensions are applied to develop a fullwave electromagnetic simulation model by using HFSS. The honeycomb layer between the antenna layer and the facesheet layer is regarded as the air in HFSS, since they have the same electromagnetic properties. A rectangular-shaped microstrip patch and feed network with the characteristic impedance 50 Ω are designed. The structural dimensions of the patch unit and feed network estimated in the first stage are further tuned in the third stage by using the full-wave electromagnetic simulation model. Although this is a tedious process, the coarse structural dimensions can be adjusted to obtain a proper impedance match and meet the electrical performance such as the gain, bandwidth and VSWR. After a fine fullwave electromagnetic simulation, one can acquire an optimal structural design which simultaneously meets the mechanical and electrical performance requirement.
Experimental results
In this section, the electromechanical co-design method is applied to develop a structurally integrated antenna with a 2.5 GHz central frequency, and then the antenna is fabricated. Finally, experiments from the mechanical and electrical performances are conducted to validate the method. Figure 6 shows the geometry of the structurally integrated antenna, and it is composed of upper facesheets, honeycomb core, microstrip antenna array, and lower facesheets. The desired performance requirements are listed in table 1. In this table, the desired deformation displacement and structural stress mean the maximum allowable structural stiffness and strength, when a 1400 N load is applied to the central point of the antenna structure, as shown in figure 5 .
In the first stage, the microstrip antenna array without the superstrate (facesheet and honeycomb) was designed using the traditional antenna design method, according to the desired electrical performance in table 1. In this example, a rectangular microstrip patch was used, and the length and width of the patch unit are 40 mm and 34.9 mm, respectively. Subsequently, a 1 × 8 line array in figure 7 was designed, and the electrical performance of the antenna was optimized by using the HFSS. The length and width of the antenna structure were determined according to the prespecified space installed in an air or ground vehicle, and their dimensions were 534 mm and 200 mm, respectively.
In the second stage, the facesheet and honeycomb dimensions were determined by using the electromechanical co-design formulation in equation (4) . In order to solve the optimization, the mechanical and electrical properties of the materials should be determined. Tables 2 and 3 list the electrical properties and the mechanical properties of the materials in every layer of the structurally integrated antenna, respectively. In the example, the thickness of the upper facesheet and lower facesheet is assumed to be the same. The maximum thicknesses of the facesheet and the honeycomb core are 10 mm and 120 mm, respectively. The maximum value of the wall thickness and length of the honeycomb core are 1 mm and 6 mm, respectively.
Given an initial design, = x [12, 6, 6, 0.5, 4] T mm, we can solve the optimization in (4). Figure 8(a) shows the force load and the constraints on the antenna structure. is considered as the coarse design dimensions meeting the mechanical performance and the open condition. Table 4 gives the comparative results between the initial design, the co-design, and the design target. From the comparisons, it is found that the co-design method not only meets the open condition, but also meets the desired mechanical performance. The coarse dimensions were applied to develop an electromagnetic model by using HFSS, and then the dimensions were further adjusted to meet the requirements of the impedance match, bandwidth, and gain. After a fine full-wave electromagnetic optimization, an optimal design was achieved. The optimal design simultaneously meets the mechanical and electrical performance requirements. Table 5 gives the design results of the 2.5 GHz structurally integrated antenna.
In order to validate the design, the structurally integrated antenna was manufactured, and its fabrication is a sequential process. First, the antenna without the superstrate (facesheet and honeycomb) was fabricated and measured. Figure 9(a) shows the antenna without the superstrate. Subsequently, the designed facesheet and honeycomb were prepared by confirming its mechanical and electrical performances. For the facesheet of 1 mm in thickness, four-ply glass/epoxy prepregs of weresymmetrically laid up with cross-ply. Each layer was bonded on the top or bottom of another one in the design sequence by using the epoxy film adhesive. Then, the assembly was conducted to insert the antenna substrate into the facesheet and honeycomb. After being covered by a vacuum bag, the assembly was co-cured in an autoclave, according to the recommended curing cycle for this adhesive (125°C for 240 min at a pressure of 0.45 Mpa). Figures 9(b) and (c) show the final antenna samples. In this experiment, we fabricated three structurally integrated antennas, as demonstrated in figure 9(c) .
The electrical performance of the structurally integrated antenna was measured. Figure 10 shows the measurements, which includes the radiation pattern and VSWR. Three specimens with the assigned numbers 1 to 3 were measured, and comparisons were made between the simulation results and the experimental ones. Figure 11 shows the comparison of the radiation patterns and VSWR. The comparisons show that the electrical performances from the simulation are very close to the measured results. The mechanical performance of the antenna was validated by using a three-point bending experiment, as shown in figure 12 . Figure 13 presents the comparison between the simulation result and experimental result. From figure 13 , it is found that the load-displacement curve from the mechanical model agrees with the experimental curve. Moreover, the experimental result also shows that the antenna can carry the maximum load, 1600 N, before the antenna structure fractures.
From the comparisons in figures 11 and 13, we find that the proposed electromechanical co-design method is effective to design a structurally integrated antenna. The method can not only provide a guarantee of the mechanical performance of the antenna structure, but also give an evaluation of the electrical performance.
Results
The structurally integrated antenna is different from a traditional antenna without superstrates. Figure 14 shows the comparisons of the electrical performance from antenna #2. From figure 14(a) , it is found that the superstrates can improve the antenna's gain. However, the superstrates also lead to the central frequency drift, as shown in figure 14(b) . Therefore, the superstrate thickness determined by the open condition is not an optimal result, and it needs to be further adjusted to meet the requirements of the impedance match and the bandwidth. The superstrates make the central frequency of the microstrip antenna drift to lower frequency. Therefore, when we design a structurally integrated antenna with a desired central frequency, we should consider the shift effect of the central frequency at the first stage of the proposed method. The effect can be compensated by introducing corrections in the design parameters, such as the size of the patch unit or the feed network structure, which can be further adjusted in the third stage. It follows that a fine electromagnetic simulation at the third stage is very necessary to optimize the coarse structural dimensions from the second stage.
There is a little difference between the measured results and simulation results in figure 14 . One of the reasons for this is the effect of the adhesive in multilayer composite antennas. The adhesive that bonds the different layers to provide mechanical strength also influences the electrical performance of the structurally integrated antenna. The adhesive influences the effective dielectric constant in the composite antenna structure. The change of the effective dielectric constant leads to inaccurate simulation results and makes the central frequency have a drift. In addition, the manufacturing errors, which mean the structural dimension deviations relative to the optimal design dimensions, also lead to the differences between the simulation and measured results of the radiation patterns and VSWR. Generally, the manufacturing errors consist of machining errors and assembly errors of the geometric dimensions during the course of fabricating a structurally integrated antenna. In practice, some measures should be taken to control the manufacturing errors of the geometric dimensions when a structurally integrated antenna is fabricated. By using measures like high-precision manufacturing tools, accurate assembly, and a perfect curing process, one can reduce the effect of the manufacturing errors on electrical performance.
Conclusions
This paper proposes an electromechanical co-design method of a structurally integrated antenna to simultaneously meet mechanical and electrical requirements. In this method, we present three design stages to develop a structurally integrated antenna. In the first stage, we finish an initial design of microstrip antenna array without facesheet and honeycomb, according to some predefined performances. Subsequently, the facesheet and honeycomb of the structurally integrated antenna is determined by using an electromechanical codesign optimization, and the coarse dimensions of the facesheet and honeycomb are obtained by solving the co-design formulation. Finally, the coarse dimensions from the first and second stages are applied to develop a fine electromagnetic model by using HFSS, and the coarse dimensions are further optimized to meet the electrical performance, such as the bandwidth and VSWR. The co-design method is applied to design a structurally integrated antenna with a 2.5 GHz central frequency, and some mechanical and electrical performances of the fabricated antennas are measured. The experimental results show that this method is effective. The electromechanical co-design method can simultaneously consider the mechanical and electrical requirements during the design process, and it shows great promise for the multidisciplinary optimization design of a structurally integrated antenna.
